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Abstract
Crosswind stability is an important criterion for the modern design of railway and road vehicles. In the past, most of the studies
on the inﬂuence of crosswind on vehicles are based on deterministic models. This paper investigates the crosswind stability by a
stochastic model, in which uncertainties are taken into account. A wind model with nonstationary wind turbulence is developed.
As the excitation of the vehicle is a stochastic process, a risk analysis has to be carried out and failure probabilities have to be
calculated. The proposed method has been utilized to analyze the crosswind stability of road vehicles and railway vehicles on both
straight and curved tracks. Besides, in order to ﬁnd the most inﬂuential parameters, a sensitivity analysis has been undertaken.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of organizing committee of Institute of Engineering and Computational Mechanics University of
Stuttgart.
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1. Introduction
Suﬃcient crosswind stability is an important criterion for the approval process of railway and road vehicles. In
the past, many wind-induced accidents of railway vehicles have been reported around the world. Accidents of road
vehicles under strong crosswind conditions are also frequent. For these reasons, there is a need to investigate the
crosswind stability of vehicles by computational simulation1.
Simulation models for crosswind stability can be basically classiﬁed into two groups, namely deterministic models
and stochastic models2.
Most of the studies on crosswind stability of vehicles are carried out based on deterministic models, with the aim to
compute the critical wind velocity for a certain type of vehicles at a given vehicle speed. The underlying assumption
for this method is that all parameters (such as aerodynamic coeﬃcients, gust amplitude, gust duration and so on) are
speciﬁed as deterministic values. Critical wind speeds are calculated with respect to a given gust shape. However,
wind is always a stochastic process due to the existence of turbulent ﬂuctuations. Realistic assumptions on the nature
of crosswind gusts have to take its nonstationary character into account.
Recently, stochastic models have attracted a lot of attention. They take uncertainties into account and yield failure
probabilities for the evaluation of crosswind stability. In this regard, a gust model with random amplitude and duration
∗ Corresponding author. Tel.: +49-721-608-46822 ; fax: +49-721-608-46070.
E-mail address: carsten.proppe@kit.edu
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of Institute of Engineering and Computational Mechanics University of Stuttgart.
 Carsten Proppe and Xiaoyu Zhang /  Procedia IUTAM  13 ( 2015 )  98 – 107 99
has been taken into consideration in this paper. In addition, the strongly nonlinear aerodynamic coeﬃcients, which
highly depend on the vehicle shape as well as the relative wind angle, are modeled as random variables. The nonsta-
tionary turbulent ﬂuctuations of the wind velocity can be described by an evolutionary power spectrum density, from
which the auto-correlation function is obtained. Based on this knowledge, a nonstationary auto-regressive model3 is
proposed and developed in this study.
Based on the nonstationary crosswind process and the nonstationary vehicle state (acceleration or deceleration)4,
the combined wind-vehicle system is modeled and simulated. The nonstationary aerodynamic force produced by the
nonstationary crosswind excitation can be analyzed by means of the Hilbert-Huang transform (HHT)5,6. This allows
for a decomposition of the force into a small number of intrinsic mode functions and instantaneous frequencies which
provide important information on the excitation process and the corresponding system response.
As the excitation on the vehicle is a stochastic process, a risk analysis has to be carried out and failure probabilities
must be computed. They can be obtained either conditioned on a certain mean wind speed and direction or in a certain
topographical scenario. They are based on limit states for the safe operation of the vehicle. Typical performance
functions take the ratio between the dynamic and the static vertical wheel force into account. For road vehicles, failure
conditions for lateral displacement and yaw angle must also be considered. Computation of failure probabilities can
be either based on Monte Carlo simulation with variance reduction (e.g. line sampling7 or subset simulation8) or on
analytical methods (e.g. FORM and SORM9).
The proposed method has been applied to both railway and road vehicles. The inﬂuence of various design and
track/road parameters can be analyzed. Moreover, based on sensitivity analysis, the most important parameters for
crosswind stability can be identiﬁed. Finally, the eﬀect of counter-measures such as wind fences and vehicle speed
reduction can be judged on an objective basis.
2. Modeling aspects
2.1. Wind model
Due to the existence of turbulence, natural wind is a stochastic process. For a given point at height z in space, the
wind speed can be considered to consist of two parts, i.e. the mean part and turbulent part.
u(t) = u0 + u′(t) (1)
where u(t) is the time-varying wind speed, u0 is the mean wind speed and u′(t) is the wind turbulence.
The turbulent wind speed can be described by the von Karman power spectral density (PSD) which is expressed as
follows10:
S u′u′ ( f ) =
4σ2u′Lu′x
u0(1 + 70.8(
f Lu′ x
u0
)
2
)
5
6
(2)
where S u′u′ ( f ) refers to the wind spectrum, Lu′x is the longitudinal length scale, σ2u′ is the variance and f is the
frequency.
The above wind spectrum considers the wind turbulence at a ﬁxed point. For a moving point, the mentioned wind
spectrum has to be modiﬁed. Based on Taylor’s frozen turbulence hypothesis, Cooper derived the wind spectrum
relative to a moving vehicle as follows11,12:
f S u′u′ ( f )
σ2u′
=
⎡⎢⎢⎢⎢⎢⎢⎣ 4 f Lu′
V¯r(1 + 70.8( f Lu′/V¯r)
2)
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where V¯r is the mean relative wind speed, Lu′ is the compound turbulence length scale which can be calculated by
the following equation
Lu′ = Lu′x
√(
u0
V¯r
)2
+ 0.353
(
u0
V¯r
)2
(4)
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Fig. 1. Normalized power spectral density f S˜ u′u′
σ2
u′
with diﬀerent vehicle speeds.
The force ﬂuctuation induced by the wind turbulence on an extended object can be computed from the aerodynamic
coeﬃcients and the aerodynamic admittance χ2s . An equivalent wind spectrum can be introduced by means of the
aerodynamic admittance χ2s :
S˜ u′u′ = χ2S u′u′ = χ2
⎡⎢⎢⎢⎢⎢⎢⎣ 4σ2u′Lu′
V¯r(1 + 70.8( f Lu′/V¯r)
2)
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Figure 1 shows the normalized power spectral density f S˜ u′u′
σ2u′
with diﬀerent vehicle speeds. As can be seen from
the ﬁgure, increasing vehicle speed relative to wind speed moves the wind energy in spectrum to a higher frequency
range. Besides, the normalized PSD at higher frequency becomes smaller due to the inﬂuence of the aerodynamic
admittance.
In order to simulate the wind turbulence in the time domain, many methods have been proposed so far, such as
spectral decomposition, wavelet decomposition and so on. The traditional method based on the spectral decomposition
is quite useful to simulate stationary stochastic processes. For nonstationary wind turbulence, methods like wavelet
decomposition13 and nonstationary auto-regressive model (NONAR)3 have to be applied. In this paper, the NONAR
method, which is based on an auto-regressive (AR) model and considered to be computational eﬃcient14, has been
applied. It can be described as follows:
p∑
i=0
Ai(t)Yt−i = A0(t)Yt + A1(t)Yt−1 + · · · + Ap(t)Yt−p = B(t)εt (6)
where Y is the target time series, the subscript t, t − 1, · · · , t − p refers to the instant of time, εt is a normalized
Gaussian white noise process. Ai(t) and B(t) are the time dependent coeﬃcients which can be obtained based on the
correlation analysis3,15.
For every instant of time tˆ, the coeﬃcients Ai(tˆ) can be obtained by
A = N−1M (7)
where
A =
[
A1, A2, · · · , Ap
]
,M =
[
RYY (tˆ, tˆ − 1),RYY (tˆ, tˆ − 2), · · · ,RYY (tˆ, tˆ − p)]T (8)
N =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
RYY (tˆ − 1, tˆ − 1) RYY (tˆ − 2, tˆ − 1) · · · RYY (tˆ − p, tˆ − 1)
RYY (tˆ − 1, tˆ − 2) RYY (tˆ − 2, tˆ − 2) · · · RYY (tˆ − p, tˆ − 2)
...
...
...
...
RYY (tˆ − 1, tˆ − p) RYY (tˆ − 2, tˆ − p) · · · RYY (tˆ − p, tˆ − p)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (9)
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In which RYY refers to the auto-correlation function of the signal Y .
The coeﬃcient B can be got as
B =
√
p∑
i=0
AiRYY (tˆ − i, tˆ) (10)
Considering the change of the wind and vehicle speed, the corresponding auto-correlation function of the nonsta-
tionary wind turbulence can be given by
RYY (t1, t2) =
∫ +∞
−∞
at1 (z, ω)a
∗
t2 (z, ω)e
iω(t1−t2)S˜ u′u′ (z, ω)dω (11)
where ∗ refers to the complex conjugate, a(z, ω) is the modulating function which shows the evolutionary char-
acteristic of the wind spectrum and implies that the wind ﬂuctuation is obtained based on an amplitude modulating
process. According to16, it is equal to 0.08 to 0.11 times the non-turbulent wind speed.
2.2. Gust distribution
In order to simulate extreme wind conditions, an artiﬁcial gust scenario is utilized. The gust is deﬁned as the
maximum deviation of the wind speed between two consecutive mean wind crossings and can be superposed to
the turbulent ﬂuctuations described above. Here, the gust model is simulated based on the so called constrained-
simulation method17. The main idea of this method is to obtain the gust by imposing a constraint in order to simulate
an extreme event. The turbulent process with the superimposed gust characteristic based on this method is statistically
indistinguishable from the natural wind process and can be described as follows:
u(t) = (u0 + u′(t)) + uB(t − tB)(A − u′(tB)) − u˙B(t − tB)u˙
′(tB)
u¨(tB)
(12)
where uB(t) represents the gust characteristic that can be obtained based on coherence analysis10, tB is the time at
which the gust reaches a maximum, A refers to the target amplitude of the gust.
Gust amplitude A and gust duration T are described as random variables. Corresponding probabilistic characteris-
tics of them can be given as follows18:
p(A˜) =
2√
2π
e
(
− A˜22
)
(13)
p(T˜ |A˜) = 1√
2πσ(ln T˜ )T˜
e
(
− 12
(
ln(T˜/(0.95A˜1.42))
σ(ln T˜ )
)2)
(14)
where
A˜ =
A
σu′
, T˜ =
T
T¯
(15)
A typical realization of the stochastic gust model can be seen in ﬁgure 2.
2.3. Wind excitation
The wind excitation exerted on the vehicle is simulated as concentrated forces and moments
Fx/y/z(v(t), u(t)) =
1
2
ρLAtCdrag/side/li f t(βω(t))Vr(t)2 (16)
Mx/y/z(v(t), u(t)) =
1
2
ρLAtLtCroll/pitch/yaw(βω(t))Vr(t)2 (17)
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Fig. 2. A typical realization of the stochastic gust model 4.
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Fig. 4. Time-frequency analysis of the nonstationary wind
force at u0 = 18m/s
where ρL is the density of air, C(βω(t)) is the dimensionless aerodynamic coeﬃcient which is a nonlinear function
of the wind angle of attack βω(t). At and Lt are the characteristic area and length, respectively. Vr(t) is the relative
wind speed which can be expressed as follows:
Vres(t) = u(t)2 + v(t)2 + 2u(t)v(t) sin(αω) (18)
where αω is the wind angle, v(t) refers to the vehicle speed.
Figure 3 shows an example of the nonstationary wind force on a railway vehicle at u0 = 18m/s, v0 = 160km/h.
Based on the HHT analysis, the nonstationary wind force can be decomposed into a series of intrinsic mode functions
(IMF). With the summation of the IMFs, the trend of the nonstationary signal can be well seen. The corresponding
time-frequency analysis of the HHT can be seen in ﬁgure 4, which indicates the behaviour of the instantaneous
frequencies. The changing frequencies at every instant of time shows the nonstationary characteristics of the wind
excitation. From ﬁgure 4 it can also be seen that the energy of the wind excitation is mainly focused on the lower
frequencies.
3. Vehicle models
The proposed nonstationary wind model has been applied to analyze the crosswind stability of both railway and
road vehicles.
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Fig. 5. Railway vehicle running on the curved track (Wind direction: inner side).
3.1. Railway vehicle
For railway vehicles, the commercial software ADAMS/Rail has been employed in order to represent the model
accurately. By utilizing ADAMS/Rail, it is easy to include nonlinear springs and dampers as well as bump stops into
the model. The bump stops are very important since they have a great inﬂuence on the overturning behavior of the
vehicle. Figure 5 shows a railway vehicle running on a curved track.
The quasi-static lateral acceleration in the track plane (ytozt) can be obtained as follows19:
ay =
v20
R
cos θt − g sin θt (19)
where v0 is the mean vehicle speed, R is the radius of the curved track, θt is the cant angle which can be obtained
by
θt = arcsin
(
ht
lT
)
(20)
where ht is the track cant and lT is the nominal distance between the two wheel-rail contact points of the wheel set.
3.2. Road vehicles
For road vehicles, the frequently used software Matlab/Simulink has been applied for modeling and simulation.
Due to the large diversity of road vehicles, a corresponding worst-case model for each class of the vehicle together
with its aerodynamic coeﬃcients have been identiﬁed. In general, road vehicles are modeled as a combination of rigid
bodies, suspension as well as wheel forces. Figure 6 shows a sketch for the commonly used vehicle model with two
axles and four wheels.
4. Risk assessment and sensitivity analysis
4.1. Probabilistic analysis of the wind-vehicle system
As the wind excitation of the vehicle is a stochastic process, a risk analysis has to be carried out. In the model, the
nonlinear aerodynamic coeﬃcients as well as the gust amplitude and duration are all considered as random variables.
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Fig. 6. A sketch of the commonly used vehicle model.
For the calculation of the failure probability pG, it is necessary to evaluate the integral
Pf = P (u0, v0, αω) =
∫
g(z)<0
f (z|u0, v0, αω)dz (21)
over the whole failure domain. z is the array of all random variables, g(z) refers to the performance function. The
limit-state function g(z) = 0 separates the safe domain (g(z) > 0) from the failure domain g(z) < 0.
For railway vehicles, the main failure mode is overturning and the corresponding performance function can be
deﬁned as follows:
g(z) = min
(
−0.1 + Q(z, t)
Q0
)
(22)
where Q(z, t) refers to the dynamic wheel force and Q0 is the static wheel force.
For road vehicles, not only overturning but also side slip and yaw angle exceedance should be taken into account.
According to12, a suitable performance function for road vehicles can be given by
g(z) = min
{
Q(z, t)
Q0
, 0.5 − |ylat | , 0.2 − |ϕ|
}
(23)
where ylat and ϕ denote the lateral displacement and yaw angle of the vehicle, respectively.
The failure probability pG can be computed either by analytical methods like FORM or by numerical methods
based on Monte Carlo simulation with variance reduction like Line sampling (LS). However, it should be noted
that when nonstationary wind turbulence is considered, the FORM method is not reliable anymore due to the high
nonlinear characteristics of the system and the relatively high number of random variables.
4.2. Sensitivity analysis
In order to get a further insight of the inﬂuence of various parameters on the wind-vehicle system, a sensitivity
analysis is carried out. Methods of sensitivity analysis can be basically classiﬁed into two groups, namely local and
global methods. Local methods are numerically less expensive in comparison to global methods. However, they are
only valid around the nominal values. The global method can give an average information in the whole parameter
space of the system.
One of the commonly used global methods which gives a good insight into the nonlinear behaviour of the system
is the so called Morris method20 18. It computes the ﬁnite diﬀerence by random walks which vary only one parameter
at each time and can be described as follows:
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di =
g(z1, z2, · · · zi + Δzi, · · · zn) − g(z)
Δzi
(24)
For N random walks, the mean value μ and the corresponding variance σ2 can be determined by the following
equation
μi =
1
N
N∑
j=1
∥∥∥di, j∥∥∥, σ2i = 1N − 1
N∑
j=1
(di, j − μi) (25)
The mean value μi reﬂects the importance of the variables while the variance σ2i shows the nonlinear eﬀect. Based
on the mean value of the diﬀerences, the global inﬂuence for each parameter can be well seen.
5. Results
5.1. Railway vehicles
Figure 7 compares the failure probability of the vehicle running under strong crosswind conditions with a constant
vehicle speed and with acceleration, respectively. The initial vehicle speed is 160 km/h and the acceleration is set as
1m/s2. It can be seen from the ﬁgure that the failure probability will become larger when the train accelerates.
Figure 8 shows the failure probability of the vehicle running on curved track (R = 2000 m, ht = 100 mm) with or
without the nonstationary turbulence. The wind comes from the inner side of the curved track. As can be expected, the
nonstationary wind turbulence has an inﬂuence on the crosswind stability. When the nonstationary wind turbulence
is taken into consideration, the failure probability of the vehicle increases. Corresponding sensitivity analysis for the
vehicle running on curved track can be seen in ﬁgure 9. From the ﬁgure it can be concluded that the most important
parameters on the failure probability are the gust amplitude A, the aerodynamic coeﬃcient Cmx, the gust duration T
and the radius R as well as the cant ht of the track.
5.2. Road vehicles
In ﬁgure 10, the failure probability of a typical truck running at diﬀerent vehicle speeds is presented. It is obvious
that the vehicle speed has a great inﬂuence on the crosswind stability of road vehicles. Higher vehicle or wind speed
will lead to a higher failure probability.
Figure 11 shows a comparison of the failure probability for van and bus. Compared to the van, the bus has a smaller
failure probability when it runs in strong crosswind.
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6. Conclusions
This paper studies the crosswind stability of railway and road vehicles based on a probabilistic model. It takes
uncertainties into account and computes failure probabilities for vehicles in various scenarios. An artiﬁcial gust
model together with nonstationary wind turbulence has been developed for the analysis. The failure probabilities are
computed by FORM and LS method.
Railway vehicles running on both straight and curved track under nonstationary crosswind have been investigated.
In addition, based on sensitivity analysis, the most important parameters have been extracted. Studies show that the
gust amplitude A and duration T , the aerodynamic coeﬃcient Cmx as well as the radius R and cant ht of the curved
track are the most important parameters that have an inﬂuence on the crosswind stability of railway vehicles.
For road vehicles, the vehicle and wind speeds have also great inﬂuence on the crosswind stability. Moreover,
crosswind stability for road vehicles depends on the vehicle type.
Based on the analysis results, countermeasures such as wind fences along the track or wind alarm systems can be
evaluated.
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